This thematic article is written with an intention to provide an overview of our recent research on the modulation of quantum dots photoluminescence and the applications of quantum dots to bioimaging. In particular, we summarize the physiochemical factors that affect the photoluminescence of CdSe or CdSe/ZnS quantum dots at ensemble and single-molecule levels, blinking and blinking suppression of quantum dots, bioconjugation of quantum dots, applications of bioconjugated quantum dots for analyzing some selected biophysical processes at single-molecule levels, and intracellular delivery of quantum dot bioconjugates. These research subjects are correlated with the state of the art accomplishments in the quantum dot field.
Introduction
The large surface to volume ratios and the molecule-like electronic band structures that emerge from the strong quantum confinement of charge carriers are fundamental to the unique size-and shape-dependent tunable optical and electronic properties of nanomaterials. Bottom-up syntheses of nanomaterials with uniform-size, -shape and -composition, and the unique optical and electronic properties have not only brought revolutionary developments in the nanoscience and nanotechnology areas but also strengthened the cross-disciplinary research at interfaces among chemistry, physics, biology, and engineering and medical sciences. Nanomaterials of semiconductors, metals and carbon have brought to us highly efficient and miniaturized photovoltaic, electro-optic and optoelectronic devices. At the same time, gold nanoparticles (NPs) [1] [2] [3] [4] , semiconductor quantum dots (QDs) [5] [6] [7] [8] , upconversion NPs [9] [10] [11] and carbon nanotubes [12] [13] [14] have received considerable attention in modern bioimaging and therapeutic interventions owing to their unique optical properties, solubility and stability in physiological ambiance, flexible surface chemistry, and excellent biocompatibility [15, 16] . Among these nanomaterials, cadmium chalcogenide QDs, owing to their size-dependent tunable absorption and emission bands and exceptionally bright and stable photoluminescence, are of particular recent interest in the construction of excellent electro-optical devices and displays, and the imaging of biomolecules, cells and tissues.
QDs are semiconductor nanoparticles in which electrons and holes are three dimensionally confined within the exciton Bohr radius of the material. In the past two decades, QDs received considerable attention in different aspects of chemistry, physics and biology owing to their broad absorption and narrow emission bands, large molar extinction coefficient, high photoluminescence quantum yield, and exceptional photostability [5] [6] [7] [8] 17] . Since Louis Brus has derived the relation between size and electronic band gap in semiconductor nanocrystals in 1984 by applying the particle in a sphere model approximation to the bulk Wannier Hamiltonian [18] , it took nearly a decade for the systematic experimental validation of the relation between size and band gap, when Bawendi and coworkers realized the colloidal synthesis and sizeselective precipitation of CdX QDs (X = S, Se, Te) [19] . Soon after this report, Weller and coworkers synthesized CdS QDs using CdClO 4 in place of volatile CdMe 2 [20] . However, the applications of CdX QDs prepared by these methods were limited due to their poor photoluminescence quantum efficiency, chemical instability, toxicity, poor solubility in the aqueous phase, and unresolved surface chemistry. Most of these limitations were resolved with the preparation of ZnS shell on CdX core, which involves the pyrolysis of a mixture of diethyl zinc and hexamethyldisilathiane [21, 22] . Nevertheless, random telegraphic signaling, also called blinking photoluminescence, identified in 1996 [23, 24] , continues to be an undesired disorder that limits certain applications of QDs, such as single molecule detections and on-demand single photon emission. A clear picture of the band structure in CdSe QDs has become available with the rationalization of electronic fine structures associated with the asymmetric splitting of hole states, and electron-hole exchange perturbations [25] . Along with the advancements in the physics of QDs, the potentials of CdSe QDs as highly photostable fluorescent tags for bioimaging were realized with the introduction of biocompatible QDs for the fluorescence labeling and imaging of cells by Alivisatos and coworkers [26] , and Chan and Nie [27] .
Many years after these early developments in the QD field, Peng and Peng reported the synthesis of monodisperse and shapeand size-controlled QDs, in which the volatile CdMe 2 is replaced with greener precursors such as cadmium oxide, cadmium acetate or cadmium carbonate [28, 29] . With the introduction of these greener precursors, synthesis and applications of QDs have become straightforward. QDs synthesized by the above methods do not have any intrinsic solubility in water, which guided into alternative methods for the synthesis of size-controlled QDs in the aqueous phase [30] [31] [32] . In parallel, aqueous conversion of QDs capped with hydrophobic ligands by ligand exchange reactions is extensively investigated [27, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . Such ligand exchange reactions on the surface of QDs not only enable the dispersion of QDs in the aqueous phase but also offer surface functional groups for bioconjugation and cell labeling [5] [6] [7] [8] 15, 16, 48] . Among various chalcogenide QDs investigated so far, CdSe/ZnS finds special interest in areas such as electro-optical and photovoltaic technology and bioimaging owing to their bright, stable and size-dependent tunable photoluminescence in the visible region. In this article, we summarize how the local -physical and -chemical environments modulate the ensemble photoluminescence properties and single-molecule blinking of CdSe and CdSe/ZnS QDs. Also, we highlight on the formulation of QD-bioconjugates and their applications for the detection or imaging of cells and biomolecules. Literature reports about optical properties and bioimaging applications of CdSe or CdSe/ZnS QDs are precisely reviewed under individual subtitles in this review article. Regarding to our own research, we first show thermal modulation of QD photoluminescence. Successively, we recruit polar molecules, polymers, titanium dioxide nanoparticles or fullerenes to the surface of CdSe or CdSe/ZnS QDs and analyze how such molecular or nanomaterial environment modifies the defects or carrier-relaxation process in QDs. Further, we move on to the bioconjugation of CdSe/ZnS QDs and the analysis of the potentials of bioconjugated QDs to literally light up certain biochemical and biophysical processes such as DNA packaging and unpacking, protein-protein interactions, and intracellular delivery.
The origin of CdSe QDs photoluminescence
The size-dependent tunable emission of visible light is the most attractive property of CdSe QDs [5] [6] [7] [8] 19] . Photoactivated QDs relax by first intra-band transitions at >10 11 s −1 followed by inter-band relaxations, which include radiative carrier recombination at the band-edge, phonon-assisted non-radiative relaxations, non-radiative Auger recombination, or radiative and non-radiative recombinations at surface defects. Among these relaxation processes, radiative recombination at the band-edge accounts for the size-dependent tunable photoluminescence, which is mostly contributed by the electronic transition from the lowest unoccupied 5s orbital of cadmium to the highest occupied 4p orbital of selenium [49] [50] [51] . The band edge (1S e 1S 3/2 ) in CdSe QD shows two fourfold degeneracy due to the change of spherical-to-uniaxial symmetry, and the mixing of electron-hole exchange perturbations with the augular momenta of both electrons and holes. These states are characterized by the angular momentum (J) values −2, −1, 0, +1, +2 for 1S 3/2 and −1, 0, +1 for 1S e states. Among these degenerate states, J = ±2 and J = 0 are spin-forbidden states. Therefore, the photoactivation of CdSe QDs close to the band edge preferentially populates J = ±1 states. The deactivation of these states occurs through non-radiative relaxation to the dark exciton state followed by the radiative or non-radiative exciton recombination [50, 52] . The involvement of the spin-forbidden dark exciton states and surface states in the relaxation processes renders an extended photoluminescence lifetime to QDs. An alternative relaxation pathway for electrons trapped in the dark exciton state is the thermal activation into an emitting state followed by radiative or non-radiative relaxation [50, 52, 53] . Non-radiative relaxations at the surface states contribute to the poor photoluminescence quantum efficiencies of QDs. Thus, suppression of surface defects by the preparation of semiconductor shells, or surface-capping using electron donating ligands were extensively investigated as measures to improve the photoluminescence quantum efficiency of QDs.
Physical methods for the modification of QD photoluminescence
Physical parameters such as pressure [54] , temperature [55, 56] , and electric [57] and magnetic fields [58] modify the photoluminescence of CdSe QDs. For example, the photoluminescence spectrum of CdSe QD blue-shifts with increasing pressure due an increase in the bandgap energy and the quantum confinement effect. Similarly, photoluminescence intensity of CdSe/ZnS QD decreases under an applied magnetic field due to the Zeeman splitting of defect-associated energy levels [58] . On the other hand, the photoluminescence intensity of elongated CdSe/ZnS nanoparticle enhances under an applied magnetic field due to the activation of optically inactive ground exciton states to the emissive state [59] . Under an applied electric field, the photoluminescence spectrum of CdSe QD red-shifts, which is attributed to the cancelation of components in the excited state dipole parallel to the applied electric field [57] . In general, the photoluminescence quantum yield of QD increases with decreasing temperature and vice versa [60] . The thermal quenching of photoluminescence is substantiated in terms of thermally activated non-radiative carrier recombination [60] . On the other hand, Wuister and coworkers have observed temperature antiquenching of photoluminescence in the case of QD capped with various ligands, which is attributed to the introduction of defects on QD surface during the phase transition of ligands [61, 62] . The thermal quenching of photoluminescence intensity can be attributed to the non-radiative carrier relaxation from the thermally activated states. Photoluminescence spectral-shift associated with changes in the local temperature of QDs is another interesting property; the photoluminescence spectra of QDs shift to the red or blue upon heating or cooling, for which the degree of shift depends on the temperature. For example, continuous photoluminescence spectral blue-shift can be observed as the temperature is increased from 1.75 to 75 K. On the other hand, red-shift is detected as the temperature is increased beyond 100 K. The spectral red-shift associated with increase in the local temperature is attributed to the dilation of crystal lattice. Apart from the photoluminescence spectral shifts and intensity variations, photoluminescence spectral broadening that frequently accompanies heat is assigned to an increase in the scattering efficiency due to the coupling of excitons with acoustic and longitudinal optic phonons.
In addition to the above physical parameters, Föster resonance energy transfer (FRET) and surface plasmon affect the photoluminescence of QDs [63] [64] [65] [66] [67] [68] [69] [70] [71] . For example, CdSe/ZnS QDs placed on the surface of Ag nanoparticles show reduced photoluminescence intensity and lifetime due to efficient energy transfer from photoactivated QD to Ag nanoparticles ( Fig. 1A ) [70] . On the other hand, photoluminescence intensity of QDs placed on the surface of a gold nanoparticle film show up to four-fold enhancement owing to the formation of multiexciton states [71] , which is similar to the twenty-fold photoluminescence enhancement reported for heterodimers composed of CdSe/ZnS QDs and gold nanoparticles separated by DNA linkers [72] . To address the energy transferbased photoluminescence modifications in QDs, we have recorded and analyzed the photoluminescence spectrum of QDs entrapped in polymer honeycomb-network [68] or functionalized on the surface of single-walled carbon nanotube (SWCNT) [69] . Remarkable quenching of the photoluminescence intensity of QDs observed in both cases is attributed to efficient energy transfer from smaller to larger QDs close-packed in a polymer network or from QD to SWCNT in the QD-SWCNT hybrid system ( Fig. 1B) . Nevertheless, photoinduced electron transfer from QD to Ag nanoparticles or SWCNT is not completely ruled out in these cases. We have seen photoluminescence modulation of QD clusters as functions of heating and cooling in the temperature range 298-353 K. To monitor the thermal modulation of photoluminescence, we have first recorded and analyzed the photoluminescence spectra of QD clusters, which are small (ca 30 nm) aggregates of ca 3.5 nm CdSe QDs, dispersed in n-butanol, during both cooling and heating cycles [60] . Fig. 1C and D shows the photoluminescence spectral shifts and intensity variations of QD clusters as functions of heating and cooling. The photoluminescence spectrum of QD clusters red-shifts when the temperature is increased from 298 to 353 K, and restores to the original position upon cooling back to 298 K. Red-shift in the photoluminescence spectra of CdSe QD superstructures reported earlier is attributed to the quantum mechanical tunneling through inter-dot barriers and the thermal activation followed by hopping above energy barriers due to exciton-coupling. In addition to the spectral shifts, the photoluminescence intensity of CdSe QD clusters increases with decrease of temperature and vice versa. These thermal modulations (spectral shifts and intensity variations) of QD photoluminescence are attributed to variations in the density of surface or interface trap states [60] . To address the variations further, a carrier relaxation model is proposed, which hypothesize two different types of surfaces or interfaces for QD clusters viz. oxygen and solvent accessible outer surface (OS) and oxygen or solvent inaccessible inter-particle interface (IS). Different relaxation processes of photoactivated CdSe QD clusters are represented in Fig. 1E . Our hypothesis is that the thermal modulation of photoluminescence intensity and spectral maximum of QD clusters are contributed by the relaxation of photoactivated excitons through the surface states and inter-particle interface states, carrier tunneling, and inter-dot dipole-dipole interactions.
Chemical methods for the modification of QD photoluminescence
Different chemical methods for the modification of QD photoluminescence are surface passivation using amines [73] [74] [75] [76] [77] [78] [79] or thiols [34, [77] [78] [79] [80] [81] [82] [83] , preparation of shells from large band gap inorganic materials [21, 22, [84] [85] [86] [87] or carbon nanomaterials [87] , and photoactivation in the presence of solvents or ligands [52, [88] [89] [90] [91] [92] . Although chemical modification of QDs in general lowers the photoluminescence quantum efficiency, the enhanced solubility and biocompatibility of surface modified QDs are inevitable for their biological applications [16] . Passivation of CdSe QD surface using alkyl amines takes place either during the QD synthesis in the presence of alkyl amines [73] or by the post-synthesis exchange of ligands with amines [16, 19, [74] [75] [76] [77] [78] . For example, Talapin and coworkers have synthesized highly monodisperse CdSe QDs using three-component ligands such as TOPO, TOP and hexadecylamine. While this method is similar to the traditional organometallic synthesis of QD, hexadecylamine efficiently passivates the surface defects and improves the band edge photoluminescence up to 40-60% [73] . Although the addition of alkyl amines to QDs results in the drastic quenching of photoluminescence in most cases [74] [75] [76] , photoluminescence enhancement is detected in certain cases [19, 77, 78] . The addition of n-butylamine to CdSe QD results in a drastic quenching of photoluminescence intensity, which is due to the suppression of radiative carrier recombination process by occupying the hole sites by amines [75] . On the other hand, Kamat and coworkers have seen an enhancement in the photoluminescence intensity of QDs treated with n-butylamine [74] . However, p-phenylenediamine quenches the photoluminescence intensity of QDs due to its ability to scavenge the photo-generated holes. Surface passivation of QDs using thiols is mostly a postsynthetic approach. Similar to amines, surface passivation of QDs using thiols results in the quenching [77] [78] [79] [80] [81] or enhancement [5, 82, 83] of photoluminescence quantum efficiency. For example, the addition of either octadecanethiol or butanethiol to QD solutions results in a significant quenching of photoluminescence [79] , which, as in the case of amines, is due to the blockage of photo-generated holes and hence the radiative carrier recombination process. Similarly, Wuister and coworkers have shown contradicting effects of thiols on the photoluminescence intensity of CdSe and CdTe QDs [80] ; where photoluminescence quenching for CdSe QDs and enhancement for CdTe QD are observed. This anomalous behavior is accounted in terms of the difference in the valence band energies of CdSe and CdTe QDs. In another example, Hollingsworth and coworkers have shown the effect of thiol-thiolate equilibrium on the photophysical properties of aqueous solutions of QDs [93] . On the other hand, Weiss and coworkers and Hong and Ha have independently observed photoluminescence enhancement and near-complete blinking suppression for QDs either embedded in polymer containing dithiothreitol [83] or supplemented with ␤-mercaptoethanol [34] . In both cases, the thiol moieties act as electron donors, which suppress nonradiative carrier recombination in defetcs. We have recently seen the quenching of photoluminescence for CdSe/ZnS QD capped with fullerene thiols [87] . Here a thick fullerene shell is prepared by the covalent tethering of a fullerene-thiol monolayer to CdSe/ZnS quantum dot followed by the [2+2] photochemical reactions of free fullerene-thiol to the tethered monolayer. The quenching of photoluminescence intensity after preparation of the fullerene shell is accounted in terms of the combined absorption of light by the core and shell as well as photoinduced electron transfer from the QD core to fullerene shell. Interestingly, we observed blinking suppression for QDs shelled with fullerene, for which the details are discussed in the following section. Despite all these reports about the covalent or non-covalent tethering of amines or thios to the surface of QDs, covalent conjugation of dihydrolipoic acid to the surface of CdSe/ZnS QD, which is reported by Mattoussi and coworkers, offers a versatile platform for the chemical and bioconjugate modifications of QDs [5, 94] .
The controlled photoactivation of QDs in the presence of oxygen or in certain solvents enhances the photoluminescence quantum efficiency of QDs. Buratto and coworkers have seen photoluminescence enhancement for CdSe QD passivated with water molecules [95] . Subsequently, Bard and coworkers have noticed enormous enhancement in the photoluminescence intensity of QDs saturated with oxygen and illuminated with UV light [96] . In this case, the enhancement is due the surface passivation of QDs by trace amounts of CdO and SeO 2 formed as a result of surface oxidation. The role of oxygen on the photoluminescence enhancement is also identified by Uematsu and coworkers [97] , which is attributed to an increase in the number of nonbonding oxygen-hole centers. Peng and coworkers and Weiss and coworkers have independently seen huge enhancements in the photoluminescence quantum efficiency of photoactivated QDs [92, 98] . We have seen 4-5 fold enhancement in the photoluminescence quantum efficiency of CdSe QDs dispersed in polymers or polar solvents and photoactivated above the band gap energy [90] , which is associated with irreversible blue-shifts of photoluminescence spectra ( Fig. 2A) . The enhancement of photoluminescence intensity and blue-shift of photoluminescence spectrum are due to the combined effect of surface etching and surface passivation by organic molecules and dissolved oxygen. Further, the photoluminescence is well-stabilized by dissolved polymers. The photoluminescence enhancement is contributed by a combination of the population of emitting states from the spin-forbidden dark exciton state, and chemical rearrangement of ligand molecules and the surface states ( Fig. 2A) .
In a more recent study, we have seen a continuous drop of photoluminescence intensity for CdSe/ZnS QDs photoactivated in the presence of 1,4-diaminobutane (DAB) [99] , which is attributed to photochemical reactions of amine on the surface of photoactivated QDs and the formation QD-amine adducts having low photoluminescence quantum yields. To understand the photochemical reactions between QDs and amines, the photoluminescence intensity trajectories of single QDs were recorded and analyzed in this study. Continuous decrease in the photoluminescence intensity of QDs at ensemble and single-molecule levels either with increase in the concentration of DAB under continuous photoactivation or time under photoirradiation for a given contraction of DAB clearly suggests photochemical reactions of DAB with photoactivated QDs. The non-digitized (gradual) decrease in the photoluminescence intensities of single quantum dots tethered on cover slips, which are supplemented with DAB and illuminated with high intensity green laser ( Fig. 2E) is indicative of the photochemical reactions shown in Fig. 2F .
Photoluminescence blinking of single QDs
Blinking is an undesired disorder that prevents the applications of QDs in single photon devices and single-molecule bioimaging. Blinking is due to intermittent Auger ionization, which creates excess positive charge in the core. Due to the strong Coulomb interactions between subsequently activated electron and the excess positive charge, successive carrier recombinations follow non-radiative pathway by energy transfer to the excess charge, which imparts long-living OFF states in the intensity trajectories of single QDs [23, 100, 101] . Thus, Auger ionized QDs tend to stay in the dark state until neutralized. The power-law distribution of OFF time can be accounted in terms of an exponential distribution in the rates of electron de-trapping from an exponentially distributed trap states [101] [102] [103] [104] [105] . Although diffusion controlled electron transfer theory proposed by Marcus and coworkers [106] [107] [108] [109] well-fits with the power-law statistics observed by Kuno and coworkers and Nesbitt and coworkers [101, [103] [104] [105] it is often necessary to correlate blinking with dynamic nature of carrier trapping to account for the deviations of ON time from the power-law behavior. Such experimental and theoretical investigations in the recent past have greatly contributed to not only blinking suppression of QDs [34, 67, 70, [85] [86] [87] [110] [111] [112] [113] [114] [115] [116] [117] but also the development of nonblinking quantum dots [118] .
Non-blinking QDs are inevitable for applications such as singlephoton logic devices, quantum switches, and the prolonged visualization of single molecules in biological samples. Thus, synthesis of non-blinking QDs or the suppression of blinking by post-synthesis modifications have become active research subjects [34, 67, 70, [85] [86] [87] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] . The different approaches for blinking suppression include (i) removal of surface defects by capping using large band gap materials [23, 85, 86, [115] [116] [117] [118] , thiols [34, 83] and polymers [83, 121] , (ii) trapping of Auger electrons in well-defined electron traps [87, 110, 122] , plasmon-assisted energy transfer [70, 123] , thermal activation [124] , oxygen depletion [125] , electron transfer to and from inorganic nanoparticles and organic molecules [87, 104, 110, 122, 126, 127] , and photoactivation [128, 129] . Details of a few methods for blinking suppression are discussed below.
Modification of blinking by surface passivation
Blinking of QDs can be suppressed by surface passivation using large bang gap materials [22, 23, 85, 86] , thiols [34, 83] or polymers [83, 121] . Hollingsworth and coworkers have reported blinking suppression of single CdSe QD by varying the thickness of CdS or ZnS shell [85] , which is similar to the near complete blinking suppression of CdS-shelled CdSe QDs [83] . Here, the blinking is suppressed due to the minimal lattice mismatch between the core and shell and the low density of charge carrier traps. Similarly, Hohng and Ha have seen near-complete blinking suppression of CdSe/ZnS QDs by thiol passivation [34] . Blinking suppression is also accomplished by surface passivation using ATPase [130] or polymer impregnated with dithiothreitol [83] . Although the exact mechanism of blinking suppression is still under investigation, electron transfer, soft quantum confinement, and enhanced radiative relaxation due to reduction in the density of electron traps are suggested in the above examples for blinking suppression.
Modification of blinking using well-defined electron traps
As discussed in the previous section, Auger ionized QDs continue to stay in the OFF state until neutralized. Thus, a well-defined electron trap in the vicinity of a QD is expected to trap the Auger electron and successively neutralize the Auger ionized QD by backelectron transfer. For example, we have recently investigated the blinking suppression of single CdSe/ZnS QDs supplemented with TiO 2 nanoparticles (Fig. 3A and B) [110] . Here, CdSe/ZnS QDs are covalently tethered on the surface of glass cover slips, and the photoluminescence intensity trajectories of the same single QDs are recorded before and after the addition of colloidal TiO 2 nanoparticles. Interestingly, the blinking of single QDs is suppressed as soon as a TiO 2 nanoparticle solution is injected. According to our hypothesis, blinking is suppressed as a result of the trapping of Auger electrons in the conduction band of TiO 2 nanoparticles followed by back-electron transfer to the Auger ionized QD. In other words, blinking is suppressed by increasing the rate of neutralization of Auger ionized QDs via introducing well-defined electron traps in the vicinity of QDs. Here the transferred electrons are not conducted away as the surface of QD is sparsely doped by TiO 2 nanoparticles. On the other hand, Jin and Lian have seen aggravation of blinking in the case of QDs embedded in TiO 2 nanoparticle films, which is evidenced by a decrease in the ON time and increase in the OFF time due to efficient electron transfer from QD to TiO 2 nanoparticles in the film [122] . Similarly, changes in the QD blinking behavior induced by electron acceptors such as C 60 were reported recently by Biju and coworkers [87] and Lian and coworkers [131] . In our work, we have prepared well-defined fullerene shells around CdSe/ZnS QDs by the tethering of a monolayer of fullerene thiol to the ZnS shell, which is followed by the photochemical [2+2] cycloaddition reactions of free fullerene-thiol to the tethered monolayer as seen in Fig. 3C [87] . The photoluminescence intensity trajectories of QDs in such fullerene-shelled supramolecular nanoparticles show an increase in the occurrence of ON and OFF events when compared with pristine QDs. In other words, both ON and OFF durations were shortened after the preparation of a fullerene shell. An increase in the number of OFF events or shortening of ON time is attributed to an increase in the rate of electron transfer from QD core to the fullerene shell, which was confirmed by recording the anion radical spectrum of fullerene (Fig. 3D ). An increase in the number of ON events or shortening of OFF time is attributed to an increase in the rate of neutralization of Auger ionized QDs by the back-electron transfer from the fullerene shell.
Modification of blinking by plasmonic coupling method
Noble metal nanoenvironment induces fluctuations, enhancement, and quenching of QD photoluminescence intensity at ensemble and single-molecule levels [67, 70, 115, [132] [133] [134] . For example, Kanemitsu and coworkers have detected photoluminescence quenching and enhancement of single QDs placed on gold-coated surfaces. Here, the quenching or enhancement depends on the strength of the plasmon field contributed by the surface roughness [67] . In general, delocalization of Auger electrons with localized surface plasmon resonance of metal nanostructures is known to suppress blinking of QDs. We have seen plasmon assisted blinking suppression of QDs placed on the surface of Ag nanoparticles [70] . Here, blinking suppression is associated with reduction in the photoluminescence intensity and shortening of photoluminescence lifetime of QDs. We hypothesize energy/electron transfer process from photoactivated QD to Ag nanoparticles, which competes with various relaxation pathways including Auger recombination, is involved in the blinking suppression. Subsequently Tang and coworkers [123] have seen plasmon-mediated blinking suppression for QDs placed on silver nanoprisms in a thin poly methyl methacrylate (PMMA) layer.
Biological applications of QDs
Although organic dyes are extensively used as fluorescent biolabels for many decades, a variety of other materials including endogenous fluorescent proteins [135] , upconversion nanoparticles [136, 137] , lanthanide chelates [138] , carbon nanoparticles [139] , silicon nanoparticles [140] , quantum clusters [141] and QDs [5, 6, 8, 142] have recently emerged as new generation fluorescent tags for biolabeling and imaging [16] . Due to large number of reports about biological applications of QDs and other nanomaterials, a comprehensive review of the field is not attempted here. Instead, we review our recent work about biological applications of CdSe/ZnS QDs and related reports in the literature. Unique optical properties of QDs such as absorption of light in the UV-vis-NIR window, narrow emission bandwidth, large one-and multi-photon absorption cross-sections, high photoluminescence quantum yield, and exceptional photostability make them ideal for bioimaging. Furthermore, the straightforward and reproducible synthetic protocols, large surface area, flexible surface chemistry, compatibility in the aqueous phase, chemical-and photo-stabilities under physiological conditions, and commercial availability in the ready-to-conjugate forms increase the popularity of QDs among biologists [5, 8, 48] .
QD for Förster resonance energy transfer (FRET)
Organic dyes, owing to their small size and commercial availability in different colors and reactive forms, are extensively employed as both donors and acceptors of energy in the construction of FRET pairs for biosensing and bioimaging. The broad absorption band, exceptionally high photostability and narrow emission bands of QDs are certainly promising properties to replace energy donor organic dyes from FRET pairs [26, 36, 38, 63, 66, 143, 144] . For example, Clapp and coworkers have demonstrated the use of water-soluble Cys-capped CdSe/ZnS QDs as energy donors in the analysis of the dissociation of DNA/polymer polyplexes on exposure to chloroquine [145] . In another study, Leong and coworkers have exploited the two-step FRET approach in a QD-based FRET pair system to analyze non-invasive DNA condensation [146] . Similarly, Turberfield and coworkers have exploited QD-based FRET systems for the monitoring of DNA cage delivery in mammalian cells [147] . In another example, Medintz and coworkers have shown FRET-based biosensing of ␤-cyclodextrin-QSY9 using the adduct of QD and Escherichia coli maltose-binding protein (MBP) [63] . Similarly, Zhang and coworkers have reported QD-based multiplexed detection of HIV-1 and HIV-2 using QD 605 -Alexa Fluor 488 or -Alexa Fluor 647 dye FRET pair. The detection principle in this case is based on the interactions of QD-based nanosensors fabricated using biotinylated oligonucleotides with AlexaFour-labeled oligonucleotides, which are gap gene of HIV-1 and the env gene of HIV-2 [148] . Recently, we have constructed FRET-pairs involving CdSe/ZnS QD as energy donors and applied them for analyzing some selected biomolecular processes such as the condensation and decondensation of plasmid DNA [149, 150] , single-molecule analysis of ATPase reaction [151] and the detection of single-molecule activation of epidermal growth factor (EGF) receptors in living cells [152] . For example, by measuring FRET from CdSe/ZnS QD to Cy5, we have successfully evaluated the condensation of plasmid DNA using protamine and the successive decondensation of the protamine-DNA complex using heparan sulfate and glutathione [150] . Here we introduced FRET recovery after acceptor photobleaching (FRET-RAP) method for the first time, by which highly photostable QDs were used for energy transfer-based knocking out of any undesired Cy5 acceptor labeled proximal to the donors [150] . In another example, the stepwise ATPase reaction was evaluated by the prolonged monitoring of single-molecule FRET from QD-labeled myosin Va to Cy3-labeled ATP [151] . Similarly, the prolonged visualization of single-molecule FRET and photoluminescence in QD-and Cy5-labeled EGF/EGF receptor complexes enabled us to identify for the first time the reversible dimerization of EGF receptors in the early stage of cell signaling [152] .
FRET-based detection of DNA condensation and decondensation
The condensation and decondensation of DNA can be effectively evaluated from the efficiencies of intermolecular or intramolecular FRET. In the former case, DNA molecules are labeled with either acceptors or donors of energy and the condensing agents with the counterpart of FRET pair. On the other hand, both donors and acceptors labeled on DNA in the later case can provide sensitive changes to the intramolecular FRET efficiency. However, labeling of a definite number of donors and acceptors at desired locations in DNA or any other system but without any FRET before DNA condensation or bringing about the desired change is tedious. To overcome this issue, we have introduced the FRET-RAP method, in which FRET-mediated knockout of undesired acceptors allows us to retain adequate numbers of donors and acceptors spatially separated without any FRET [150] . Precisely, biotinylated pcDNA3.1 or pUC18DNA molecules are first randomly labeled with countable (ca 10) CdSe/ZnS QDs as highly photostable energy donors and a large number of AlexaFlour 594 or cy5 dyes as photolabile energy acceptors. This random labeling provided us with efficient intrinsic FRET in the as-labeled DNA, which is due to the large number of acceptors in the proximity of QDs. However, under the selective excitation of QDs, efficient energy transfer to those dye molecules present within the Förster distance of QDs resulted in the photodecomposition of undesired acceptors; whereas, a large number of acceptors located beyond the Förster distance were kept intact. Thus, the intrinsic FRET in the as-labeled DNA is removed. Those acceptors retained on DNA after FRET-mediated photobleaching of undesired acceptors provided us with efficient intramolecular FRET during the condensation of DNA using protamine. Also, the FRET efficiency was substantially lowered during the decondensation of pDNA-protamine complex using trisma base or a mixture of heparan sulfate and glutathione (Fig. 4) . FRET from CdSe/ZnS QDs to rhodamine dye is also utilized for the monitoring of intracellular DNA decondensation and gene delivery [149] . To evaluate any adverse effect of QDs on genetic materials, we have first analyzed the morphology of QD-labeled pDNA molecules. Surprisingly, we observed photosensitized strand breakage and nucleobase damage in pDNA [153] . To obtain detailed information about such photosensitized breakage and damage of DNA, solutions of QD-conjugated pDNA molecules are exposed to green or blue laser and the samples were analyzed by AFM imaging, gel electrophoresis and the assay of reactive oxygen intermediates (ROI) (Fig. 5 ). DNA fragments seen in AFM and gel images suggested strand breakage. The photosensitized damage of DNA by QDs was further examined using base excision repair enzymes such as formamidopyrimidine glycosylase (Fpg) and endonuclease III (Endo III). The nucleobase damage of QD-conjugated DNA is attributed to the reactions of DNA with ROI such as singlet oxygen and hydroxyl radical produced by photoactivated QDs, which is further evaluated by the nitroblue tetrazolium (NBT) assay. Although QDs are widely used in bioimaging, their toxicity is not yet completely rationalized. In addition to the photosensitized toxicity induced by ROI, air oxidation and surface etching of heavy metal-based QDs such as CdS, CdSe, CdTe, PbS, PbSe, PbTe, etc. results in the release of toxic levels of metal ions, which in turn impair genomic DNA and other vital biomolecules in cells [154, 155] . Although the release of heavy metal ions from QD can be minimized by surface protection using shells from ZnS, silica and polymers, gradual etching of the shells by enzymatic reactions in biological systems and physico-chemical effects in the environment needs adequate attention for long term exposure.
Single-molecule ATPase reaction
Single-molecule FRET measurement is a powerful method for the detailed characterization of biochemical and biophysical dynamics in the nanometer regime. Enzymatic reactions of molecular motors, protein-protein and protein-DNA interactions, and protein folding are examples of such dynamics. Recently, Yanagida and coworkers have shown the potentials of green fluorescent CdSe/ZnS QD as an efficient energy donor for the sensitive detection of single-molecule ATP hydrolysis by myosin V [151] . Here, we labeled the recombinant human myosin Va with QD near to the ATP binding site. For the labeling, a mutant myosin was prepared by the substitution of lysine-270 with cysteine. Subsequently, maleimidefunctionalized QD was conjugated to the cysteine reside without affecting the enzymatic activity of myosin. The QD-conjugated enzyme molecules were immobilized on a cover glass, which was subsequently assembled into a flow chamber. Single-molecule enzymatic reactions of Cy5-conjugated ATP were detected as a function of FRET from QD to Cy5. Efficient FRET from highly photostable QDs to Cy5 enabled us to not only detect the reaction with high signal to noise ratio in the presence of high (>100 nM) concentrations of Cy5-ATP but also follow the single-molecule enzymatic reactions for an extended period of time.
Single-molecule detection of the dimerization of EGF receptors
Cell signaling by G-protein coupled receptors in the membrane are initiated by the binding of ligands to the extracellular domain, which is followed by changes in the conformations of extracellular and cytoplasmic domains and signal transduction [156, 157] . To evaluate early events in the cell signaling by EGF receptor, we have recorded and analyzed the photoluminescence trajectories and images of EGF receptor single molecules labeled using QD-EGF and Cy5-anti-EGFR antibody conjugates [152] . Here, biotinylated EGF was labeled using streptavidin-functionalized CdSe/ZnS QD (Em max ca 605 nm) and biotinylated anti-EGFR antibody was labeled using streptavidin functionalized Cy5. First, EGF receptors in human ovarian epidermoid carcinoma (A431) cells were activated by the incubation of cells with EGF-QD conjugates. The dimerization of EGF receptors in the cell membrane was evaluated by obtaining single-molecule fluorescence ( Fig. 6A and B) and FRET images, and single-molecule photoluminescence intensity trajectories and photoluminescence lifetimes of QD-only labeled or QD and Cy5 labeled dimers of EGF receptors. Fluorescence intensity trajectories and FRET images of predimer (without EGF), heterodimer (with one EGF per dimer) and signaling dimer (two EGF per dimer) forms suggested reversible association and dissociation of EGF receptors during the early stage of cell signaling.
Quantum dots for cell imaging
In the recent past, QD conjugated to a variety of biomolecules such as antibodies, peptides, proteins, nucleic acid, aptamers and liposomes have become common in cell labeling and imaging both in vitro and in vivo [5, 6, 8, 16, 48, 141, [158] [159] [160] [161] [162] [163] [164] [165] [166] [167] [168] . The nature of functional group introduced and the type of biomolecules recruited on the surface of QD depend on individual labeling application. For example, streptavidin, biotin, primary amine, thiol, maleimide, succinimide and carboxylic acid are common functionalities on the surface of CdSe/ZnS QDs for the tethering of proteins, hormones, antibodies, small ligands, peptides, aptamers, etc. [8, 16] . Nevertheless, there are reports about non-specific labeling of cells using QD without any specific functional group/biomolecules. However, bioengineered QDs facilitate targeted labeling of specific organelles, imaging of extracellular receptors, detection of the dynamics of membrane proteins, delivery of genes and drugs, and photodynamic therapy of cancer cells [15, 16] . Such targeted labeling of cells using RGD peptides, immunoliposomes, antibodies, aptamers, EGF, Tat peptide, folic acid, etc. is recently reviewed [8, 16] . We have successfully delivered CdSe/ZnS QDs in living cells using allatostatin I (AST), which is a neuropeptide present in crustaceans. Incubation of mouse embryonic fibroblast cell (3T3) or A431 cells with ASTconjugated QDs results in an efficient intracellular transport of the conjugate (Fig. 7A and B) [169, 170] . Here, we selected AST due to the functional and sequence similarities of its receptor in crustaceans to mammalian G-protein-coupled galanin receptors. However, our studies involving galanin, galanin antagonist, allatostatin mutant or heparan sulfate rule out galanin receptor-mediated or chargebased intracellular delivery of AST-QD conjugate [169] . On the other hand, investigations involving the inhibition of the regulatory enzyme phosphoinositide 3-kinase (PI3K) with wortmannin, or immunostaining of clathrin proteins using QD-labeled anticlathrin antibody (Fig. 7C ) suggest clathrin-mediated endocytosis of the conjugate as shown in Fig. 7D . Despite the efficient intracellular transport of QDs using this insect-derived peptide, which is cost-effective when compared with many biomolecules, the exact extracellular machinery involved in the binding of AST in human cell membrane remains mysterious.
Summary and outlook
Systematic advancements in the semiconductor quantum dot research area, which follow the theoretical insight into the sizedependent energy levels of quantum confined nanomaterials made by Louis Brus, have brought to us unique nanomaterials capable of transforming our daily life. With the introduction of unique and simplified methods for the synthesis and surface modification, quantum dots have infiltrated into various aspects of device technology and biology-from light emitting diode (LED) screens and solar cells to bioanalytical platforms and nanomedicine. Further, the systematic investigations and optimization of charge carrier dynamic as functions of the materials composition and structures of the core, shell and surface ligands, the optical properties of quantum dots are fully-blown to provide inimitable platforms for bioanalysis, bioimaging and the construction of optical devices. Also, surface modification of quantum dots using different inorganic and organic materials and molecules followed by surface bioengineering using proteins, peptides or nucleic acids enables us to not only strengthen an interface among materials science, chemistry and biology but also resolve many challenging problems in biology and biomedical science. Nonetheless, photoluminescence blinking due to Auger ionization and toxicity due to heavy metal contents are two major unsolved issues in the quantum dot field. Photoluminescence blinking of quantum dots, which hampers potential single-molecule applications such as single photon logic devices and single-molecule bioanalysis, is partially addressed in recent studies that involve surface modification and electron transfer. While heavy metal-based quantum dots such as CdS, CdSe, CdTe, PbS, PbSe, PbS, PbTe, HgS, HgSe and HgTe should find more promising in vitro applications, novel non-toxic quantum dots are necessary for in vivo imaging and nanomedicine applications.
